A geomagnetic regional model is constructed to provide a spatial-temporal variation of three orthogonal components (X, Y, Z ) in Japan. In order to obtain a high temporal and spatial resolution, Natural Orthogonal Components (NOC) analysis and Spherical Cap Harmonic (SCH) analysis were employed to produce a spatialtemporal model based on the observed data from geomagnetic observatories and continuous geomagnetic stations. Using this model, we calculated the secular variation between 1999 and 2004 in Japan. The root mean square (RMS) scatter of the model is less than 3 nT, which indicates a good agreement between calculated and input data.
Introduction
The main geomagnetic field changes both spatially and temporally. In order to investigate the spatial distribution of the main field in Japan, the Geographical Survey Institute (GSI) carried out the measurements at first-and secondorder geomagnetic stations. Three components (horizontal intensity (H ), declination (D), vertical intensity (Z )) and total intensity (F) are measured at these stations and the obtained data are used to produce magnetic charts of Japan which are published every ten years. The latest charts, epoch 2000.0, are now available (Shirai et al., 2002) .
The magnetic charts provide accurate geomagnetic field values for Japan and are widely used as a reference for the study of local geomagnetic anomalies in this region. However, they give no detailed information about the secular variation since the charts are produced every ten years (tenyear resolution) only. On the other hand, main field and secular variation can be obtained with spatial-temporal models such as the International Geomagnetic Reference Field (IGRF). However, IGRF models the main field to a minimum wavelength of 1500 km and the secular variation to 2000 km. Therefore, it is difficult for IGRF to yield a detailed description of the geomagnetic field and its change over Japan. In order to obtain a precise model, we develop a regional secular variation model.
The accuracy of the model depends on the analytical method and the quality of data. In this study, Natural Orthogonal Components (NOC) and Spherical Cap Harmonic (SCH) techniques are chosen to construct a model based on the observed data from 5 geomagnetic observatories and 9 continuous geomagnetic stations. The data from the firstand second-order geomagnetic stations, where the measureCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. ments are not performed continuously, are not selected because the NOC technique requires continuous data series over the whole time interval. Although the total amount of data used for the modelling is not large, such data has been successfully used to construct a spatial-temporal model of the geomagnetic field in Japan (Fujiwara et al., 2001) . We consider these data sufficient to establish a regional model for the study of the secular variation.
The main aim of this work is to describe the construction and the evaluation of the model. The details of the modelling methods and data will be introduced first.
Modelling Method
To obtain a spatial-temporal model with high temporal and spatial resolution, we chose NOC (Langel, 1987; Burdelnaya et al., 1999) and SCH techniques (Haines, 1985) . The principles of these techniques are described below.
Since the main field changes both spatially and temporally, the time series of a field component at location p, Mp(t) , can be expressed as
where l represents the number of certain combinations of temporal function T l (t) and spatial function X p,l , δ p (t) is random error. Because the observed field in Japan exhibits similar temporal behavior, the solution of Eq. (1) can be derived by NOC analysis which provides a mean of reducing the number of principal temporal functions (T 1 (t), T 2 (t), . . . , T L (t)). These temporal functions reflect common changes of the field and satisfy the following orthogonality conditions. NOC analysis allows us to calculate the field components only at location p. In order to compute the field at an arbitrary position in the region, a spatial model is required. In this study, the SCH technique was chosen. The SCH modelling is devoted to potential and field representation in a spherical cap. Although the method poses many difficulties (Hwang and Chen, 1997; Thebault et al., 2004) , it has been widely employed in deriving regional geomagnetic models, for example, for Canada, Africa and China regions (Haines, 1985; Kotze, 2003; .
In a spherical cap area, the potential of the internal field is expanded as follows:
where a is the mean radius of the earth, (r , θ, φ) are the geocentric spherical coordinates of radius, colatitude and longitude, respectively, with respect to the axis of the cone; g 
where θ 0 is the aperture of the spherical cap. These equations correspond to one of the boundary condition of two Sturm-Liouville problems. The second boundary condition, solution finite at θ = 0, ruling out the Legendre functions of the second kind. Each of the Sturm-Liouville problems leads to the construction of an orthogonal, complete set of basis functions. Haines (1989) advocated the mixing up of the two sets, although they are not orthogonal to each other, to achieve uniform convergence. To construct the secular variation model, our data consisted of the field variation with respect to a reference epoch for both the NOC and SCH analyses. The epoch of 2000.0 was chosen to be the reference year in this study. In the spatial analysis, X , Y and Z , which were the changes in the three components at epoch t relative to the values at epoch 2000.0, were derived from the corresponding potential change V using Eqs. (1) in .
F, D and H denoting the changes in total intensity, declination and horizontal intensity at epoch t relative to epoch 2000.0, respectively, were then calculated from X , Y and Z , assuming that the changes of the field were within the range of the first-order linear approximation.
Description of the Data Set
The geomagnetic data were provided by GSI and the Japan Meteorological Agency (JMA). The distribution of the sites is shown in Fig surveys are performed under favorable conditions for magnetic measurements, the collected data has a lower accuracy than that from the observatories because of poor baseline control and short-term noise.
To study the secular variation of the main field, long time series of annual means are usually chosen as input data. However, since the effective data from the continuous stations covered only 5 years (from the beginning of 1999 up to the ending of 2004), we employed three-month mean values between 1999 and 2004 as input data for both NOC and SCH analyses in order to increase the amount of data. In order to minimize the effect of the external field, only geomagnetically quiet days were selected. Figure 2 shows the three-month mean values of the X component between 1999 and 2004 at KAK geomagnetic observatory. It is obvious that the external field exists on the time series, which shows high time fluctuation with shorter frequency than one year. In a previous study (Ji et al., 2004) , we found it difficult to separate the external field from the main field by NOC analysis because the external field was rather homogeneous over the region under study. When NOC analysis was applied, the common fluctuations appeared in every principle NOC component. Therefore, in order to produce a main field model contaminated as little as possible with external fields, we preprocessed the initial data before applying NOC analysis and SCH modelling. Because the measurement errors of the observatory and continuous station data were of different magnitudes, we used two methods: polynomial fitting for the observatory data and a multivariate regression for the continuous station data. The details are described below.
Preprocessing of the observatory data
Polynomials of the third degree are often employed to approximate the secular variation of the main field (Sumitomo and Yabe, 1978) ,
where M(t) is any component, and a 0 , a 1 , a 2 and a 3 are the polynomial coefficients to be estimated by a regression method. For example, the fitted results for the X component at KAK are shown in Fig. 2 . The results show that the residuals are distributed between −20 nT and 20 nT and fluctuate around zero. Since the residuals are well correlated with the Dst index, we assume that they contain a large part of the external field. The residuals is defined as M ex (t). In order to construct the reference field model, we calculated the differences M main (t) = M fitting (t) − M fitting (t 0 = 2000.0) according to the process described in Section 2. M main (t) is the main field value at time t relative to epoch 2000.0. 
Preprocessing of the continuous geomagnetic station data
The data from the continuous stations had lower accuracy than the observatory data. Therefore, we applied a multivariate regression model to estimate the secular variation for these data. The model is described as
where M(t) is any component and (t) is the random error at time t. The independent variables in Eq. (6) are selected as M main (t) and M ex (t) of the nearest and farthest observatories from the station interest, because the temporal trends of the main and the external field at these two observatories represent the different types encountered in Japan. By regression analysis, the parameters are determined and main field values at time t relative to epoch 2000.0 are then computed by a i · M main,i (t). We chose the stepwise regression method because we can both include and remove independent variables to fit the data best. For example, the analytical parameters in X component at AKA are listed in Table 1 . Although there were 5 parameters set for the fitting, only four of them were found to be effective. Low P-values of the four parameters mean that the selected independent variables have significant impacts on the regression fitting. With these four parameters, the regression accounts for over 94% of the initial data. Figure 3 shows the obtained main field values X (t) and residual errors (t) between 1999 and 2004 for AKA. The residuals are distributed between −5 nT and 5 nT, We considered that the residuals at the station contain errors from the local geomagnetic variations that are not resolved, such as artificial noise and thermally induced changes at the station. Table 2 shows the root mean squares (RMS) of residuals for each component, X, Y, Z and F, at the 9 continuous stations. The RMS residuals for total field F, which indicate the accuracy of the continuous stations relative to the observatories, are under 5 nT. The RMS residuals for the X, Y and Z components are within 2-4 nT. However, for some stations, such as HAR and YOS, the residuals for one of three components exceed 6 nT. Large residuals at HAR are regarded to be a result of local inclination anomalies (First geodetic division, 1993) and noise from the parking lot nearby, and those at YOS are probably due to the poor performance of the fluxgate magnetometers in 1999.
Modelling
The secular variation values of X , Y and Z from the 5 observatories and the 9 continuous stations were used to prepare the input data for NOC analysis. It consisted of 1008 values, that is, 24 epochs × 14 sites × 3 component field elements.
The first four temporal functions T l (t) (l = 1-4) obtained by NOC analysis are shown in Fig. 4 , which reflect the common changes of the main field in Japan between 1999 and 2004. Since the contribution of T l (t) (l ≥ 3) was small and did not influence the residual errors of NOC fitting, we chose the first two temporal functions as the basic functions for spatial-temporal analysis. The accuracy of NOC modelling for each station, as indicated by the RMS differences, is shown in Table 3 .
The spatial functions had 84 elements (2 NOCs × 14 sites × 3 component field elements) and were used to prepare the basic data for SCH analysis. Although the data from the observatories were more accurate than those from the continuous stations, we did not introduce any weighting factors in the spatial analysis. The spatial functions were first converted from the geodetic to the geocentric coordinates, and then transformed to a new pole at 37
• N, 137
• E. SCH analysis was applied on a spherical cap of half-angle θ 0 = 20
• . The maximum index k was 5, which provided the best fitting to the input data. In the case of k = 5, there were 36×2 Gauss coefficients in the spherical cap harmonic expansion. These coefficients were determined by least squares and are presented in Table 4 .
We used the Gauss coefficients to calculate the spatial distribution of the three orthogonal components in the region and the temporal functions to produce the temporal variation. The distributions of secular rate of X , Y and Z at epoch 2004.875, produced using the obtained model, are shown in Fig. 5 .
Discussion

Model accuracy
To estimate the accuracy of the obtained spatial-temporal model, we first calculated the differences of the spatialtemporal model between predicted and input data. The RMS differences are given in Table 5 . For each X , Y and Z , they are less than 3 nT. RMS errors are relatively large at the location HAR. We considered the large errors to be due to the local geomagnetic anomalies (First geodetic division, 1993). The impact of the local geomagnetic anomalies on the regional model should be investigated in further studies.
We then compared the accuracy of the spatial-temporal models with that of NOC analysis, referring to data shown in Table 5 and Table 3 , respectively, and found that the spatial-temporal model yields the same small residual values as does NOC analysis at locations MMB and OKI. It is known that SCH modelling should result in a poorer fit than NOC analysis since NOC analysis allows the field to be modelled with orthogonal spatial functions (Langel, 1987) while in SCH analysis, the basis legendre functions are nonorthogonal at the locations. The extremely small misfit of SCH results at locations MMB and OKI might indicate that the SCH analysis produces unrealistic results at these locations which are poor surrounded by the stations. The improvement of the model with a well-distributed set of data are now attempted by filling the empty areas with measurement data from the first-order geomagnetic stations in Japan and "synthetic" data from global models. 5.2 Evaluation of the modelling method with an independent site We undertook another evaluation of the accuracy of the modelling method with an independent site not included in the NOC and SCH analyses. The high-quality observatory MIZ that is well surrounded by stations was selected for this cross-validation test. For this purpose, the preprocessed data from all sites except MIZ were used as the input data for the trial model. The calculated annual mean values of X , Y and Z at MIZ are shown on Fig. 6 . The calculated values deviate from the observed data with the RMS errors of approximately 4.1 nT in X component, 1.1 nT in Y component and 3.6 nT in Z component, respectively. These small deviations indicate the high accuracy of our modelling method at the areas where the density of the observed data is high.
Conclusions
We proposed a regional spatial-temporal model of the geomagnetic field to estimate the secular variation in Japan. The model involves the NOC and SCH techniques with the continuous observation data from 5 observatories and 9 continuous stations in the Japanese region. RMS error of the model is less than 3 nT. We considered the secular variation can be well modeled at the areas where the density of the observed data is high.
By using the regional model, the secular variation of the main field can be obtained at any point in Japan. Since the accuracy of the model is approximately 3 nT, the estimated main field changes can be used as a reference for the study of small-scale geomagnetic changes of about the same magnitude.
